Tel : +33 1 53 73 99 93 Fax : +33 1 53 73 99 25 HIV-1 primer annealing 2 SUMMARY Reverse transcription of HIV-1 viral RNA uses human tRNA Lys 3 as a primer. The first step of viral replication is thus the annealing of the primer tRNA onto the primer-binding site located in the 5' leader region of the viral RNA. This involves large rearrangements of both RNA structures and requires the chaperone activity of the viral nucleocapsid protein. We have developped a novel approach to analyse dynamically such RNA refolding events, using heteronuclear NMR spectroscopy of mixtures of 15 N-labelled and unlabelled large RNA
INTRODUCTION
Structured RNAs have been found to be involved in an increasing number of fundamental biological functions. These structures are often quite plastic and rearrangements of RNA folds have been described to act as switches or recognition elements in a large number of biological processes : mRNA splicing, translational control of gene expression, ribosome function, ribosome recruitment, antisense gene silencing, viral replication, retrotransposition... In several cases, these structural rearrangements have been shown to require action of "helper" proteins such as RNA helicases or RNA chaperones (1) (2) (3) . A large amount of data has been gathered on the factors required for such RNA rearrangements, in terms of nucleotide sequence or associated proteic factors, and sometimes on the structure of the starting and final states. However, at a molecular level, very little is known regarding the actual dynamic mechanism of such refolding events. This is because it is technically difficult to track the sequence of fleeting events using classical structural biology techniques. So far, the most successful approaches have used various types of fluorescence spectroscopy, which can provide useful dynamical data, even for very short timescales (4, 5) . However, it is difficult to derive detailed structural information from such analyses, for regions of the molecule afar from the chromophore(s).
The present study addresses the major structural RNA rearrangements which occur when tRNA Lys 3 , the primer of HIV-1 reverse transcriptase, is annealed onto the viral genome. This system has been characterized extensively by numerous biochemical and virological studies.
The 18 nucleotides at the 3' end of the tRNA are complementary to a segment of the 5'-UTR of viral genome, the primer binding site (PBS). Within the viral particle, the primer tRNA is already placed onto the viral RNA (6) with which it forms extended secondary and tertiary
interactions. In addition to the tRNA/PBS duplex formation, additional interactions have indeed been proposed to take place, in particular between the U-rich anticodon of the tRNA HIV-1 primer annealing 4 and an A-rich loop located immediately upstream from the PBS with the viral RNA (7) (8) (9) (10) (11) .
This complex RNA assembly appears to be involved in the recruitment of reverse transcriptase and is required for efficient initiation of viral replication in vivo (12) . The formation of an initiation-proficient complex does not occur spontaneously at physiological temperature, but requires the action of the viral nucleocapsid protein (3) , which appears to act as a nucleic acid chaperone by facilitating strand exchange (13) .
The mechanism by which the nucleocapsid promotes annealing of the primer tRNA and the exact sequence of events remain obscure. It was originally observed that, in the absence of magnesium, excess NC was capable of denaturing tRNA, but that magnesium rendered tRNA resitant to this destabilisation (14) . This suggested that NC could possibly act as an RNA helicase, at least under certain conditions. More recent studies using a variety of biophysical techniques have shown that this is probably not the case and per se, the NC cannot "open" tRNA Lys 3 (15) (16) (17) , although some degree of destabilisation of RNA structures by NC has been observed (5, 16) . It is thus likely that the viral RNA is also required to disrupt the primer structure, assisted by the chaperone activity of the viral nucleocapsid. The dynamical mechanism of this process is however still unknown as only the initial and final states have been characterised.
Using heteronuclear NMR of RNA/RNA/protein complexes under controlled temperature conditions, we have been able to observe the progressive formation of the HIV-1 reverse transcription initiation complex in a quasi-continuous fashion. In particular, we have identified the nucleation site where the viral RNA starts invading the tRNA Lys 3 structure, we have characterised previously unexpected intermediates and differentially annealed states. We were also able to characterise the different roles of the nucleocapsid in these various steps and
to propose a detailed model of the NC-mediated annealing process. The viral protein plays a key role, by "unlocking" stable tertiary interactions within the primer tRNA. Samples were dissolved in 10mM potassium phosphate buffer pH 6.5 containing 10% 2 H 2 O.
The interaction between the tRNA Lys 3 and the HIV-1 A-loop was carried out at 0.5 mM of each species in 100 mM NaCl and 5 to 10 mM MgCl 2 according to a previous study that measured the equilibrium binding constant of tRNA Lys 3 complexed with the HIV-1 A-loop in various salt conditions (21) . The interaction between the tRNA Lys 3 and the PBS was performed in 300 mM KCl at an RNA concentration of 0.4 mM each for the temperature jump or 1 mM each for the progressively heated sample. The interaction between the tRNA Lys 3 and the PBS in the presence of NCp7(1-55) protein was conducted as follows:
tRNA Lys 3 at a concentration of 0.35 mM was first mixed to two equivalents of the NC protein, and reference NMR experiments (NOESY and TROSY -see below) were first performed at both 15°C and 30°C, the sample was then taken out of the spectrometer and then one equivalent of PBS was added. Similar conditions were used for the study with two equivalents of the poly-L-lysine. For all experiments involving addition PBS oligoribonucleotides to the tRNA sample, the two RNA solutions were cooled on ice prior to the mixing and the sample Hz in the proton and nitrogen dimensions, respectively.
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RESULTS
NMR analysis of large RNA complexes remains technically challenging. We therefore proceeded by a stepwise strategy, analysing smaller complexes first (see the RNA fragments used in fig. 1 ), and then using the assignments and data collected on these for the larger assemblies. Selective 15 N labelling of primer tRNA Lys 3 within the complex also allowed editing of signal from the other partners and the use of transverse relaxation optimised spectroscopy (TROSY) improved the resolution on the large complexes.
Assignment of the tRNA Lys 3 /PBS complex
In order to be able to follow by NMR the appearance of the complex between the primer tRNA and the PBS, the first step was to assign the imino resonances of the RNA duplex Gradually heating the complex however resulted in a mixture of two forms of the annealed complex, with conformational heterogeneity at the level of U66 and U67 (peaks labelled a or b on fig. 3) . Form a appears before form b upon heating. This heterogeneity is not observed when the sample is quickly heated to 50°C or when it is annealed in the presence of NC where only form a is present. Depending upon the heating protocol, some structural heterogeneity can therefore be observed. The spectra of the final forms obtained by temperature jump or NC annealing are extremely similar, confirming previous studies using chemical and enzymatic probing (24) .
Nucleocapsid mediated annealing of the PBS
The formation of the initiation complex in the presence of the nucleocapsid protein was monitored in a similar fashion. Figure 5a shows fig. 6b ). Hence, the complex formed in the presence of poly-L-lysine is HIV-1 primer annealing 12 structurally different from that obtained with NC, as the tRNA structure is incompletely melted.
Interaction between the A-rich loop and the tRNA Lys 3 .
In addition to the helix formed by the PBS and the 3' end of the primer, the viral RNA contacts the anticodon base of tRNA Lys 3 via an A-rich loop located immediately upstream from the PBS ( fig. 1 ). Post-transcriptional modification of nucleotides within the tRNA anticodon have been shown to be crucial for this loop-loop interaction (9, 21) . The labelled tRNA used in these studies was expressed in vivo and thus contains several of these modifications, including 2-thiolation of the uridine in position 34 (s 2 U34) and threonylcarbamoyl adenosine in position 37 (t 6 A37) (18) . Such a modified recombinant tRNA was shown to induce reverse transcription pauses at position +16 (18), a hallmark of the A-rich loop/anticodon interaction also observed with natural tRNA Lys 3 , but not with naked transcripts (25) . We thus tried to find direct evidence for this interaction in samples containing both the 15 Mg 2+ , we failed to detect any additional convincing uridine crosspeak in these experiments, even at low temperature (5°C). However, we consistently observed a strong reduction or even a complete disappearance of the NH peak corresponding to the threonyl-moiety of t 6 A37 (not shown), which is located immediately next to these uridines within the anticodon (see fig. 1 ).
It should be emphasized that this resonance does not correspond to an imino group, but to an amide group which is much less sensitive to chemical exchange with the solvent. It is in particular not sensitive to the addition of salt, NC or Mg 2+ or to temperature. Hence, its
HIV-1 primer annealing 13 disappearance probably reflects a broadening resulting from conformational exchange at the level of the anticodon loop. It is therefore likely that this loop-loop interaction does take place within our NMR sample, but that it is weak and that the lifetime of the intermolecular A-U base pairs are too short to be directly detected (i.e. ≤ 1 ms). fig. 7 ). The resonances corresponding to the annealed form appear at the same position as those observed for the minimal PBS fragment (compare fig. 7 to fig. 4 ). This indicates that the mechanism of annealing and the final structure of the tRNA are similar. There are however two major specific features which are worth pointing out: (i) Compared to the smaller PBS fragment, slightly higher temperatures (~5 to 10°C) are required to obtain the same level of melting of the tRNA, presumably because of an increased steric hindrance or because the viral RNA fragment folds by itself into a more stable structure. (ii) The t 6 A37 resonance disappears immediately upon mixing the two RNAs, even before heating the sample. Thus, the Aloop/anticodon interaction seems to take place also with this larger viral RNA fragment.
Interaction with the whole PBS region of the viral RNA
Furthermore, this event precedes the melting of the tRNA structure.
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DISCUSSION
In the present work, we performed a detailed NMR analysis of the annealing between human tRNA Lys 3 , the primer of HIV-1 reverse transcription and the primer binding site on the viral genome. To our knowledge, it is one the first detailed mechanistic analysis of an RNA molecular rearrangement mechanism, at the base pair level. It allows us to decompose the annealing process into a defined sequence of events and to delineate the role of the viral nucleocapsid protein at different essential stages.
The melting process appears to start at the bottom of the acceptor and TΨC-stem, close to the four-way junction of the tRNA cloverleaf structure. This may appear counter-intuitive at first but becomes less surprising if one considers tRNA Lys 3 nucleotide sequence. The tip of the acceptor-and TΨC-stem are very G/C-rich and thus are expected to be very stable.
Furthermore, the TΨC-loop of the tRNA is strongly stabilised by an extended network of tertiary interactions. These two parts of the structure probably act as structural "locks" on the tRNA Lys 3 fold. The cloverleaf junction, on the other hand, is closed by weaker pairs: A7-U66, G6-U67 and A50-U64, which correspond to the first nucleotides that switch to the annealed form at 15°C ( fig. 3a ). This is thus a "weak spot" through which the viral RNA can invade the primer structure, furthermore, we previously showed that NC further destabilises this region of the tRNA structure (16) . Additionnally, PBS binding to the unpaired 3' end of the tRNA, which does not involve melting of the latter, could provide either help in maintaining the two RNAs in close proximity and/or provide a second route to acceptor stem invasion.
Interestingly, at close to physiological temperatures, a large part of the annealing takes place spontaneously in the absence of NC ( fig. 3b and 4) , although there is an equilibrium between the free and annealed forms that is progressively shifted toward the annealed form as temperature increases. Annealing then proceeds along the tRNA acceptor stem, as evidenced by the disappearance of the corresponding NOE crosspeaks at 25°C. On the other hand, the HIV-1 primer annealing 15 TΨC loop, which is closed by 3 consecutive G-C and tightened by tertiary interactions with the D-loop, resists melting and strand invasion up to 60°C. This is in keeping with reports that heat-annealing at 60°C results in less efficient reverse transcription priming than heatannealing at 85°C (26) .
In this context, the role of the nucleocapsid in the annealing process appears to be twofold: (i) It greatly facilitates strand exchange at low temperature, thus favouring complete hybridisation of the acceptor stem under physiological conditions. This is consistent with previous data which show that HIV-1 NC is capable of enhancing the annealing of nucleic acid strands by as much as four orders of magnitude (27) . (ii) It permits the complete melting of the TΨC "lock", required to obtain a full annealing. The first of these two activities can be mimicked by poly-L-lysine, suggesting that the energy barrier in this process is mostly electrostatic and thus can be effectively countered by a polycationic polymer. This observation is in agreement with several reports that indicate that the N-and C-terminal basic extensions of the nucleocapsid protein play a dominant role in this strand exchange process (17, 20) . However, the second TΨC "unlocking" activity is nucleocapsid-specific and cannot be reproduced using poly-L-lysine. This suggests that the zinc knuckles could alternatively play an important part in this essential step.
Interestingly, in the currently available structures of NC complexed with nucleic acids (28) (29) (30) , most of the specific contacts between the protein and the nucleic acid occur via the zinc knuckles. Furthermore, the NC protein interacts preferentially with the acceptor stem and the TΨC loop of both human tRNA Lys 3 (31) and yeast tRNA Phe (32) and this recognition is dependent upon the NC zinc knuckles structure (31) . In addition, in the presence of a shortened NC containing only the zinc knuckles, NCp7 , the apparent lifetime of the reverse-Hoogsteen T54-A58 pair within the TΨC loop is reduced by a factor of 2.5 (16) , confirming the role of these knuckles in altering the stability of this part of the tRNA. It is HIV-1 primer annealing 16 thus reasonable to assume that the nucleocapsid protein interacts with the tip of the TΨC stem/loop using a similar binding mode as that previously reported for two other stem-loops within the viral RNA, SL2 and the SL3 encapsidation signal (29, 30) , where the knuckles make key contacts with the loop. Such a binding could have two non-exclusive effects on the tRNA Lys 3 structure: (i) it could directly destabilize the TΨC loop within the tertiary structure of the tRNA. Several of the important aromatic residues within the knuckles could insert themselves between the loop nucleotides, acting as opening wedges, as previously described (28) . (ii) By binding specifically to an open form of the TΨC loop, it could displace the equilibrium toward the unfolded form of tRNA Lys 3 . The sequence of events that results from this model of the annealing mechanism is schematized in fig. 8 .
The role of the A-rich loop/anticodon interaction in the annealing process is less clear. Our data shows that this interaction is weak and apparently independent of the hybridisation between the PBS sequence and the 3' end of the primer tRNA. It can precede the annealing, which is not surprising, given that this loop-loop interaction does not require any structural rearrangement in either of the two RNA partners. It could possibly serve two non-exclusive purposes: (i) it could act as a guide interaction, ensuring a pre-positioning of the two partners before annealing. (ii) it could provide an additional structural specificity element for recognition by the reverse transcriptase.
The HIV system studied here involves large RNA fragments by NMR standards, up to 141 nucleotides. The combined used of selective labelling and TROSY nevertheless allowed us to obtain high quality data. This shws that this technical approach is viable and therefore applicable to other RNAs, thereby opening the way to dynamic studies of other systems, such as those involved other retroviral replication events or in spliceosome function.
Up to now, most studies focussing on RNA refolding events have addressed the questions of what were the factors required for annealing (in terms of nucleotide sequence, chaperones,
HIV-1 primer annealing 17 biochemical conditions...) and what were the folds of the intial and final states. None of these earlier works addresses the question of the mechanism, which is how annealing actually proceeds. The present work provides such dynamical information at the molecular level, by dissecting the RNA rearrangement process into a discrete sequence of events. This provides key information in the context of retroviral replication, actually merging a large number of previous data into a rational framework. For instance, our model reconciles apparently
conflicting data suggesting on one hand that annealing can be performed by NC variants containg only the basic N-and C-terminal extensions and lacking the zinc knuckles (17, 20) , and on the other hand that intact zinc knuckles are required for forming initiation proficient complexes (26) . Our results show that annealing is indeed promoted by polycationic molecules such as poly-lysine, which mimics the knuckle-deleted NC, but that the complex formed is structurally different from that obtained with the native NC. In the former case, the persistence of some tertiary structure in the tRNA could interfere with the recruitment or placement of the reverse transcriptase. The identification of these partially annealed states and rate-limiting steps also offers another interesting opportunity : acting on these intermediates could provide to a new means to interfere with a very early step in the AIDS virus replication. (iii) Black-labelled peaks: "unstable" free tRNA peaks. NOE connectivities from these imino protons are broadened down to baseline in a 2D NOESY, indicating rapid exchange. Inset:
Legends to the Figures
The "stable" imino protons are shown in green on the 2D tRNA structure. Step 1: the PBS (red) invades the weak bases at the four-way junction of the cloverleaf of tRNA Lys 3 (black).
Step 2: annealing proceeds along the acceptor stem, facilitated by the basic extensions of the NC (green).
Step 3: The nucleocapsid zinc knuckles form specific
